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Besides  the resonance  lines attributable to tetrahedrally (AI Iv) and octahedrally (Al vl) coordinated 
a luminum,  the MAS NM R  27A1 spectra  of  transit ion aluminas obtained from finely divided precursors  
gibbsite and boehmite  have a line which can be assigned to pentacoordinated AI (Air). This  line 
which is very intense in ex-boehmite  a luminas,  as compared to ex-gibbsite a luminas,  is also observed  
in the nonf ramework  alumina moieties in acid and dealuminated zeolites. The  isotropic chemical  
shifts o f  the AI vl, AI v, and Al Iv resonance  lines are 11.4, 38.3 and 65.6 ppm, respectively,  in a field 
of  11.77 T. Nutat ion (two-dimensional) spectra  of  27AI in these  aluminas show a broad distribution 
of  quadrupole  coupling cons tan ts  (QCCs) between - 2  and - 5  MHz.  A broad range of  distort ions 
of  the A1 coordination shells cor responds  to this range of QCCs.  To detect  electron acceptor  sites 
(or Lewis  acid centers) ,  an EPR molecular  probe has been adsorbed and the EPR spectra  have been 
recorded before and after introduction of molecular  oxygen.  With dimethylanil ine (DMA) the 
formation of  a radical cation is observed and its concentrat ion is larger on aluminas with Alv than 
on aluminas without detectable AIv. Molecular  02, which is adsorbed on DMA-trea ted  aluminas,  
acts  as an electron scavenger  picking up the electron transferred from DMA to the surface.  
Moreover ,  the gzz is in the range expected for 0 2 ,  indicating its interaction with an AI nucleus.  The 
surface densi ty  in electron acceptor  sites with electron affinity - 7.1 eV is, at the best,  on 
the order of  0.4 × 1012 spins/cm 2. These  findings suggest  either that s t rongly  distorted shells of  
pentacoordinated A1 are potential Lewis  acid centers  or  that they generate  such sites upon thermal  
activation. Other  types of  coordination,  if sufficiently distorted, may play a similar role. © 1992 
Academic Press, Inc. 

I N T R O D U C T I O N  

Among the natural aluminosilicates, alu- 
minum is, in most cases, either fourfold or 
sixfold coordinated (Al TM or A1 vI, respec- 
tively). A f e w  exceptions where aluminum 
is pentacoordinated (AI v) are known, such 
as in andalusite (1). In this mineral the iso- 
tropic chemical shift (Sos) of the central tran- 
sition of the 27A1 resonance is at 36 ppm with 
respect to a dilute solution of A13+(6H20) 
(2,3) under magic angle spinning conditions 
(MAS). Depending upon the magnitude of 
the second-order quadrupolar shift (Sos) and 
of the bond angles, the center of gravity 
(8cc) of the resonance line of AI TM is between 
55 and 70 ppm, whereas that of AI vl is be- 
tween 0 and 11 ppm (3). In transition alumi- 

1 To whom cor respondence  should be addressed.  

nas obtained through thermal decomposi- 
tion of bayerite or boehmite, two broad lines 
at -65 and - 8  ppm are observed in 
agreement with the pseudospinel structure 
assigned to these materials by Bragg (4) and 
Wells (5). As shown later the intensity ratio 
of these lines (AltV/Al vt) is about 2, in 
agreement with the ratio of the numbers of 
tetrahedral to octahedral sites in a spinel. In 
well-crystallized zeolites, aluminum is tetra- 
hedrally coordinated, with 8c~ between 55 
and 65 ppm (3), but upon steaming and or 
dealumination, nonframework alumina spe- 
cies are formed and the 27A1 MAS NMR 
signal becomes more complicated. Besides 
the initial framework A1TM, the nonframe- 
work aluminum shows resonance lines 
which could be assigned to A1 vI, A1TM, and 
A1 v or to distorted Al TM species (7-11) with 
8c~ of about 5, 55-65, and 30-35 ppm, re- 
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spectively. In hydrated samples a narrow 
line at 0 ppm is often observed, suggesting 
the presence of some A13 + cations balancing 
lattice charges. 

27A1 signals with at least three lines have 
also been found in dehydroxylated kaolinite 
(metakaolinite) (9-13)  and also in A1 pil- 
lared silicic acid (14). 

27A1 nutation experiments by Samoson et 
al. (6) suggest that in dealuminated Y zeo- 
lites the nonframework alumina species 
have strong quadrupolar interaction ( -6  
MHz), bringing about a large second-order 
quadrupolar shift. Their estimate of the 
quadrupole coupling constant (QCC) may 
be exaggerated because a distribution of 
sites within a range of QCCs is likely. 

In alumina films obtained by anodic oxi- 
dation of aluminum foils, Dupree et al. (15) 
have also observeda line near 30 ppm that 
they assigned to A1 v in agreement with 
structural analysis by radial distribution 
function by Oka et al. (16). Another inter- 
esting observation has been reported by Par- 
amzin et al. (17). Ground gibbsite, dehy- 
droxylated at temperatures larger than 
300°C, exhibits an 27A1 MAS NMR spectrum 
showing the resonance line at about 30 ppm 
(~cO, whereas this line is absent in the alu- 
minas obtained from the unground precur- 
sor. Both materials, however, exhibit the 
A1TM and A1 vI line at the usual frequencies. 
This observation tells us something im- 
portant, namely, (i) the line at -30 ppm can 
exist independently of those assigned to A1TM 
and AI vl and (ii) the appearance of this line 
seems connected to the particle size of the 
precursors before calcination. It could be 
speculated that if nonframework alumina is 
formed inside the zeolite structure, the par- 
ticle size should be small enough to yield the 
line at 30 ppm, whereas alumina clusters 
formed outside zeolite framework can be 
large enough to prevent the formation of 
AI v . 

The relationship between Lewis acidity 
and the nature of the A1 environment is of 
prime interest in acid catalysis and, to date, 
it is not known what kind of coordination is 

most likely to favor the formation of Lewis 
sites. Moreover, since a distribution of 
Lewis acid strengths is likely, it would also 
be most interesting to estimate, even in a 
qualitative way, the effect of the A! environ- 
ment on the strength of the associated Lewis 
sites. In zeolites the difficulty of the problem 
is still aggravated by the often invoked, but 
never specified, synergy between BrCnsted 
and Lewis acid sites. 

Thus, a first step for solving the Lewis 
site problem would be to better understand 
the nature of transition aluminas with either 
two or three main kinds of A1 coordination 
and see whether or not they have different 
Lewis acidities or different ranges of Lewis 
acid strengths. Thus, besides the MAS 
NMR techniques we suggest using an EPR 
technique to obtain information on the 
Lewis acidity. This technique is described 
elsewhere (18,19) and we will summarize 
briefly the main principles. Let AL be the 
electron affinity of a Lewis site and let IR be 
the ionization potential of a probe molecule 
liable to form a radical cation R +'. If the 
probe molecule when chemisorbed yields 
the radical cation spectrum, it means that 
A L < - I  R as required by the reaction 

L + R - - o L -  + R  +'. 

If, in addition, the exposure to 02 increases 
the signal, it may be assumed that the pair 
LO2 is more stable than L- .  The electron 
affinity of 02 + e ~ O 2 is -0.44 eV. The 
affinity of L for O2 is not known. If it is 
large enough the EPR features of O;  should 
appear and it should eventually dominate 
over the R +' spectrum. The EPR spectra of 
O2 have been reviewed by Che and Tench 
(20) and examples of O;  interacting with 
27A1 nuclei are reported. Most often they 
have been observed on y-irradiated zeolites 
or on alumina treated by N20 (21). In both 
of these cases the g tensor is asymmetrical 
with gzz with a value as large as 2.040. The 
value of gxx ~- gyy ~- 2.006 -+ 0.002. The 
formation of O;  on an aluminum site after 
interaction with aniline and the formation of 
the corresponding radical cation is reported 
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in Ref. (19). The interaction with the I = 
5/2 nucleus is evidenced by the hyperfine 
splitting into six lines on dealuminated H- 
mordenite. The ionization potential of ani- 
line is 7.7 eV, For weaker electron acceptor 
sites, as found in the present study, N,N'-  
dimethylaniline with a ionization potential 
of 7.1 eV is a more suitable probe. 

A fundamental objection to the compari- 
son between "structural" determination by 
27A1 MAS NMR and the "surface" informa- 
tion obtained from the suggested EPR tech- 
nique is that any relationship between both 
kinds of results cannot be more than circum- 
stantial, the conclusions being based on re- 
lated, but not direct evidences. 

In fact, it is implicitly assumed that the 
bulk and surface structural features are re- 
lated qualitatively. In a spherical particle 
with a 77-A radius the percentage of Al con- 
tained in an outer layer 3 A thick is about 
11% and the corresponding surface area of 
1 g of such particles (with density 3.9) is 100 
m 2. It seems unlikely that one species of A1 
would be present solely in the core or in the 
outer layer, but it would be equally surpris- 
ing if its bulk and surface concentrations 
would be the same. As shown later with the 
experimental conditions used here, most of 
the AI is seen. Since there is no reason to 
believe that the outer layer(s) of Al escapes 
detection, it is hoped that qualitative infor- 
mation can be obtained in characterizing 
aluminas by NMR and in studying their 
Lewis sites by an EPR molecular probe. 

EXPERIMENTAL 

Materials 

The aluminum hydroxide precursors were 
obtained as follows. Gibbsite was prepared 
by boiling a 1 M NaA102 solution for 1 day. 
The precipitate was washed carefully by 
centrifugation and identified by X-ray dif- 
fraction (XRD). Gibbsite was transformed 
into boehmite by hydrothermal synthesis at 
350°C (5 g gibbsite + 10 ml water) and 
boehmite was identified also by XRD. Fig- 
ures la and b show selected scanning elec- 
tron micrographs of the starting materials. 

Gibbsite forms large well-defined crystals 
whereas boehmite consists of tiny layered 
crystals. Gibbsite was ground for more than 
100 h in a ceramic ball mill either in the dry 
state or in the presence of water (Fig. l c). 
Air-dried boehmite was ground for 350 h 
into small particles, as shown in Fig. Id. 
Wet and dry grinding ofgibbsite for the same 
time resulted in appreciably different parti- 
cles sizes, dry grinding producing smaller 
particles than wet grinding. Dry grinding 
boehmite for 350 h achieved approximately 
the same particle size as grinding gibbsite for 
100 h (compare Figs. lc and ld). Calcination 
does not affect the apparent particle size of 
the ground material. BET N 2 surface area 
measurements confirmed these observa- 
tions. The surface of gibbsite was 6.5 m2/g; 
wet-ground gibbsite had a surface area of 52 
mZ/g and dry-ground gibbsite had a surface 
area of 163 m2/g. Boehmite has a surface 
area of 9 mZ/g which increases to about 130 
m2/g upon dry grinding. Upon severe reduc- 
tion of the particle size, the XRD of the 
precursor showed that amorphization had 
occurred to a large extent. Calcination of the 
precursors between 400 and 800°C produced 
X-ray amorphous aluminas whether they 
were ground or not. Their specific surface 
areas are shown in Table 1. Aluminas ob- 
tained with this procedure will be called ei- 
ther ex-gibbsite or ex-boehmite aluminas. 

Techniques 

eZAl NMR resonance. The samples used 
for the NMR study were not protected 

TABLE 1 

N2BET Surface Areas (m2/g) of Amorphous 
Aluminas Calcined for 1 h at the Indicated 
Temperature. 

Precursor Temperature (°C) 

400 600 800 

Gibbsite 168 172 - -  
Dry ground gibbsite 169 133 104 
Boehmite 9 70 - -  
Dry ground boehmite 126 104 116 
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F1G. 1. Scanning electron micrographs of a: (0003), gibbsite; b: (0004), boehmite; c: (0010), wet ground 
gibbsite (110 h); d: (0002), dry ground boehmite (350 h). 

against rehydration. The one-pulse spectra 
were obtained at 130.3 MHz with the follow- 
ing settings: pulse width was 1.25 /xs, the 
size was 4096 data points, and the sweep 
width was -+20 kHz. The number of accu- 
mulations was typically 3-5 × 103. The 90 ° 
pulse width for the reference 0.1 M A1C13 
solution was - 5 / z s .  According to Lippmaa 
et al. (3, Eq. 1) the pulse width for a selec- 
tive excitation of  the centerband in a solid 
should be about one-tenth of  the solution 
90 ° pulse width for a nucleus with I = ~. 27AI 
MAS NMR spectra have been recorded with 
pulse lengths between 0.5 and 2/xs. It was 
found that relative to the intensity of  the 
AI v~ line, the intensity of  the A1TM and A1 v 
lines decreased by about 10% between the 
two extremes,  the strongest intensity for 
both these lines being obtained with the 0.5- 

~s pulse width. With a 1.25-~s pulse width 
the decrease in relative intensity was less 
than 5%, while the absolute intensity of the 
overall signal was larger. If we consider how 
the relative intensity of  the - ½ to ½ central 
transition changes with pulse length and re,  
as shown in Fig. II.36 of  Engelhardt and 
Michel 's  book (22) (v I = 42 kHz), the inten- 
sity reaches a maximum for a pulse width 
between 2 and 2.5 txs for b,e > 500 kHz (or 
QCC > 3.3 MHz).  As shown later in our 
experiment  v I is about 1.7 times larger and 
a pulse width of  1.2/xs seems to be an ade- 
quate compromise for selective irradiation 
and overall intensity of the center transition 
of  nuclei with QCC in excess of  3 MHz.  

The spinning rate was between 9 and 11 
kHz.  On one selected sample, in which the 
--30-ppm line assigned to AI v was intense, 
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one-pulse spectra were recorded at 104.2 
and 78.2 MHz. On the same sample, a two- 
dimensional (2D) nutation experiment was 
performed, as defined by Samoson et al. 
(6,26) and Kentgens et al. (25). The spectra 
were acquired with a radio frequency 
(~2rf/27r) of 73 kHz. Two hundred fifty-six 
spectra were recorded with pulse width in- 
crements of 1.5 ~s. The pulse width ranged 
from 0.5 to 384/zs and 1000 accumulations 
were made for each spectrum. 

The carrier frequency was set at the cen- 
ter of the A1 spectrum, that is, at -30  ppm, 
and the delay time was 50 ms. Each row 
along the so-called F2 axis, or chemical shift 
axis, contained 2048 data points in the real 
space. To each point along F 2 was associ- 
ated a column along the quadrupole interac- 
tion axis FI and each column contained 256 
data points, corresponding to the 256 spec- 
tra. The free induction decay was Fourier 
transformed (FT) and the corresponding 
spectra obtained were converted to magni- 
tude spectra. These spectra were stored 
along the F2 axis. These same operations 
were repeated for each column (along Fj). 
The final result of this operation is a 2D 
representation (Fz, FO displaying the quad- 
rupole interaction Fj and the chemical shift 
F~. A variant of this procedure is in applying 
a "sine bell" apodization along F 1 and F 2 
before FT. 

The significant unit along FI is the 
strength of the rf magnetic field (H 0, which 
is expressed as its frequency by the follow- 
ing equation: ~'1 = f~f/27r = "YA1/27rHl. In our 
experimentation the rf power was 170 W. 
The value of f~rf/2zr was calculated from a 
nutation spectrum of 23Na in NaCl (whose 
quadnlpole coupling constant QCC = 0). 
This lengthy technique yields the actual £~f. 
When the f~f value is approximated by de- 
termining the 90 ° pulse width, which gives 
the maximum intensity of the ZTAl peak of a 
0. I M AICI3 solution, there is considerable 
experimental error due to appreciable differ- 
ences in the Q factor of the resonating 
circuit. 

E P R  measurement.  Alumina samples 

were purified in a flow of O2 at 550-600°C 
to remove organic contaminants. It should 
be noted that aluminas ex-ground boehmite 
were highly contaminated by carbonaceous 
residue as witnessed by an EPR signal at 
g = 2.003 and a peak-to-peak linewidth of 
about 6 G. 27A1 MAS NMR spectra were 
also recorded after the oxidation treatment 
to check the eventual transformation of the 
samples. As shown later, this is a useful 
precaution. After oxidation the samples 
were carefully outgassed for several hours 
at 550-600°C. N,N-Dimethylaniline, pre- 
viously purified with the freeze-thaw 
method, was condensed from the saturated 
vapor on the alumina by cooling the EPR 
tube for a short time. EPR spectra were 
recorded after contact times between 1 and 
48 h. Generally, a contact time as long as 
20 h was necessary to obtain relatively in- 
tense spectra. The EPR spectra were re- 
corded at room temperature on a Varian 
E-115 spectrometer using the X band. The 
settings are indicated in the figure captions. 
Afterward O2 is introduced into the EPR 
tube and the spectrum is recorded again be- 
fore and after outgassing for I h at room 
temperature. 

RESULTS 

T h e  27A1 MAS spectra of the gibbsite and 
boehmite precursors are characterized by 
one single line corresponding to sixfold- 
coordinated aluminum. The center of grav- 
ity or the chemical shift (8c~) of this line 
is at 8.5 ppm in boehmite and 8.8 ppm in 
gibbsite. The reproducibility is within -+0.2 
ppm for the A1 vI resonance. The full width 
at half-height O1/2) is in both cases 6.5 -+ 0.5 
ppm. The only difference between the two 
precursors is in the presence of a weak 
shoulder on the upfield side of the AI vI r e s o -  

n a n c e  in gibbsite. Dry ground gibbsite has a 
very weak line at -61.0 ppm and somewhat 
stronger line at 34 ppm, in addition to the 
AI w line at 9 ppm. The vj/z of the latter is 
8 ppm. Wet ground gibbsite has a similar 
spectrum, except that at -30  ppm a weak 
shoulder instead of a peak is observed. 
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FIG. 2. One-pulse 27A1 MAS spectra. Spinning rate between 10 and 12 kHz. (a) Gibbsite calcined at 
400°C (1 h); (b) wet ground gibbsite (110 h) calcined at 400°C (1 h); (c) dry ground gibbsite (125 h) 
calcined at 500°C (1 h); (d) gibbsite calcined 500°C (1 h); (e) dry ground gibbsite (125 h) calcined at 
600°C (1 h); (f) e calcinedone additional hour at 800°C. The spinning side bands are outside the range 
of chemical shifts of the three AI resonances. 

Upon dehydroxylation the spectra be- 
come more complicated and a clear cut is 
observed between the aluminas ex-gibbsite 
or wet ground gibbsite on the one hand, and 
ex-dry ground gibbsite on the other hand. 
This is shown by selected examples in Fig. 
2. At 400°C and up to 700°C, the 27A1 MAS 
spectra of aluminas ex-gibbsite or wet 
ground gibbsite contain two broad lines: one 
with 8c~ between 65 and 66 ppm attributable 
to AI TM and a second one with ~cG between 
9.5 and 11 ppm due to Al vI. The aluminas 
ex-dry ground gibbsite contain, in addition, 
the line with ~¢G at about 35 ppm upon 
calcination at 400°C. This line, is still detect- 
able at 500°C, but it weakens at 600°C (not 
shown) and it becomes hardly detectable at 
700°C. At 800°C it vanished. Qualitatively 
these observations are in good agreement 
with those reported by Paramzin et al. (17). 

The effects of dehydroxylation on un- 
ground and ground boehmite are more spec- 
tacular, as shown in Fig. 3 and Fig. 4. Figure 
3a shows that dehydroxylation and subse- 

quent formation of alumina do not occur in 
boehmite heated at 400°C, in agreement with 
the observation that the endothermic loss of 
constitutional water occurs at 450°C. Uncal- 
cined ground boehmite (Fig. 3b) has an 27A1 
spectrum which contains about 28 and 16% 
of the overall intensity in the lines at 34 
and 63 ppm, respectively. The A1 w line is 
broadened as a result of the amorphization 
of the material. Upon calcination at 400°C 
the width of the A1 w line increases again and 
the 63-ppm line contains -26% of the total 
intensity, whereas the intensity of the 34- 
ppm line remains unchanged (Fig. 3c). The 
apparent increase in intensity of this line 
with respect to that in spectrum b in Fig. 3b 
is due to the broadening of the AlV! line and 
the increase in intensity of the AI Iv line (at 
63 ppm). After calcination for 3 h at 600°C 
the alumina ex-boehmite and the alumina 
ex-ground boehmite have very different 27A1 

MAS spectra. The former contains two main 
lines at 66 ppm (AI Iv) and at - 10 ppm. Spec- 
trum d in Fig. 3 is, thus, very similar to that 
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FIG. 3. One-pulse 27AI MAS spectra: (a) boehmite heated at 400°C (1 h); (b) uncalcined ground boehmite; 
(c) ground boehmite (350 h) heated at 400°C (1 h); (d) boehmite heated at 600°C for 1 h; (e) ground 
boehmite calcined at 600°C, 1 h; (f) e heated at 800°C for 1 h. The spinning rate is between 9.5 and 9.8 
kHz. 

observed for ex-gibbsite aluminas, but for 
the small splitting of the line at 66 ppm. The 
alumina ex-ground boehmite (Fig. 3e) has 
the strong additional line at 34 ppm. This 

line is much stronger than that observed for 
the alumina ex-dry ground gibbsite (Fig. 2e). 
When the dehydroxylation temperature is 
800°C (1 h calcination) alumina ex-ground 

a 

, L  . . . .  I . . . .  I . . . .  L . . . .  k . . . .  I , , ,  

150 100 50 0 "50 -100 
PPM 

i i 1 , , i  . . . .  ~ , , , l l l ~ l l l l , , , i  . . . .  

150 100 50 0 -50 -100 
PPM 

FIG. 4. Comparison of the thermal stability of the aluminas: (a) ex-ground boehmite (350 h) calcined 
in Oz for 6 days at 550°C; (b) ex-ground gibbsite (125 h) calcined I h at 400°C and I h at 600°C in Oz. 
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boehmite (Fig. 3f) exhibits the s a m e  27A1 

spectrum as the alumina ex-boehmite or ex- 
gibbsite (Fig. 2d). There is no longer a line at 
34 ppm. Already at 700°C this line becomes 
hardly observable. Thus, above -700°C the 
aluminas ex-ground or unground boehmite 
or gibbsite have a similar "structure." 

The AI v coordination assigned to the line 
at 34 ppm is more thermally stable in ground 
boehmite than in dry ground gibbsite. This 
is shown in Figs. 4a and b. Figure 4a shows 
the 27A1 spectrum of the alumina ex-ground 
boehmite treated for 6 days at 550°C in a 
flow of oxygen, whereas Fig. 4b shows the 
spectrum of an alumina ex-ground gibbsite 
first calcined for 1 h at 400°C, at which stage 
the spectrum in Fig. 2c is obtained, and then 
calcined for 1 h at 600°C. Obviously, the 
structure of the alumina ex-ground boehm- 
ite is more stable. On a more quantitative 
basis the aluminas without the 34-ppm line 
have about a 2/1 AlW/AI TM ratio. The alumi- 
nas obtained ex-ground boehmite and cal- 
cined between 500 and 600°C have the com- 
position AI vI= 45%, AI TM ~ A1 v = 27.5%, 
whereas the aluminas ex-ground gibbsite 
have the composition A1 v~ = 60%, AI v = 
10%, A1TM = 30% for calcination tempera- 
ture between 400 and 500°C. Above 600°C 
their A1 v content decreases to about 6% at 
600°C and it is below 3% at 700°C. Due to 
the width and to the overlapping of the lines, 
the accuracy of these deconvolutions is not 
very satisfactory. From repeated deconvo- 
lutions of spectra recorded for identical 
samples it comes out that the relative error 
on the integrated area of a line with intensity 
->25% is about -+10%, while it can reach 
+-20% on a line with integrated area -10%. 
The overall absolute intensity of the 27A1 

NMR spectra does not change with the prep- 
aration procedure and, in particular, with 
the variation in the surface area reported in 
Table 1. Under our experimental conditions 
there is apparently no systematic change at- 
tributable to a factor other than the loading 
of the spinner on the line intensity. For in- 
stance, consider in Table 2 the absolute in- 
tensity of the ZVA1 signals in ex-boehmite 
aluminas referred to the intensity obtained 

T A B L E  2 

Compar ison  of  the Absolute  Intensi ty  o f  the 27A1 
Signal of  Ex-boehmite  Aluminas  with Respec t  to the 
Thermal  Trea tmen t  and  Surface Areas ,  the Unt rea ted  
Sample  Being the  Reference  

Sample Temperature Surface Absolute 
(°C) (m2/g) intensity/reference 

Unground RT 9 1 
boehmite 400 9 1.16 

600 70 1.08 
RT 130 1 
400 126 0.96 
500 1 I0 1.2 
600 104 0.98 

Ground 
boehmite 

for the nonheated sample. The observed 
variations are small and independent of the 
surface area in spite of the tremendous 
change observed in the shape of the spectra 
shown in Fig. 3. 

Whatever the nature of the aluminas, the 
observed chemical shifts (6CG) at the peak 
maxima are spread over a narrow frequency 
range. In all cases, AI w is observed at 8 + 
1 ppm. AI TM is at 64 + 1 ppm and A1 v is at 
34 -+ 1 ppm. Since the isotropic chemical 
shifts 8cs are related to 8ca by the equation 

8cc = 8cs + ~Qs (1) 

and the second-order quadrupolar correc- 
tion on the central transition is (3) 

~QS (ppm) = - 6 ×  I 0 3 I U 1 2 ( I  + 92/3) 

(2) 

the correction depends upon the magnitude 
of the quadrupole coupling constant [QCC 
in Eq. (2)], the Larmor frequency vL, and 
the asymmetry of the electric field gradient 
at the nucleus "0. From the lineshape it may 
be assumed that ~/is close to 1. QCC is not 
known. One way to obtain QCC is to record 
spectra for the same sample at different 
fields. Indeed, 8cG must be a linear function 
of I~'L 2 and the slope gives (QCC)2(1 + 72/ 
3). The other technique mentioned in the 
Introduction and explained under Tech- 
niques: 27A1 NMR Resonance is in recording 
nutation spectra. Both techniques have 
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p p m  

FIG, 5. (A) Projections of the quadrupole spectra on the quadrupole interaction axis corresponding to 
the peak maxima at the AI ~v, A1 v, and A1 vt resonances, nf~rf are indicated as references. (B) Two- 
dimensional representation of the nutation experiment F~, quadrupolar interaction; F2, chemical shift 
axis. 

been applied to an alumina ex-ground 
boehmite in which the proportions of A1 v 
and A1TM are almost equal (see Fig. 3c). The 
results of the nutation experiment are dis- 
played in Figs. 5A and B. In Fig. 5A, the 
quadrupole spectra along F1 are shown for 
the A1TM, A1 v, and A1TM resonances, without 

(solid line) and with(dashed line) sine bell 
apodization (23). These spectra are broad 
and featureless, although a somewhat better 
resolution is achieved with sine bell apodi- 
zation. 

Figure 5B shows the 2D nutation experi- 
ment as a stacked plot of spectra along Fj, 
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the first spectrum being at 34 kHz and the 
last one at 243 kHz along this axis (no sine 
bell apodization was applied for this repre- 
sentation). The intensity modulations along 
F~ have to be compared with the quadrupole 
spectra shown by the solid lines in Fig. 5A. 
A clear cut is observed as 3.O~f is ap- 
proached. 

When a nutation experiment is performed 
on a NaY zeolite using identical conditions, 
the nutation spectrum along the F~ dimen- 
sion, corresponding to the resonance at 60 
ppm AI w, contains one peak centered on 
1.f~a and extending from about 40 to 100 
kHz. This peak is followed by weak modula- 
tions and preceded by a noticeable increase 
in intensity as Fj = 0 is approached. It is 
similar to that shown in Fig. 2 of Ref. (6). 
The comparison of calculated and experi- 
mental nutation spectra by Samoson and 
Lippma (24) yields a QCC of 2 MHz for A1TM 
in NaY. 

The origin of anomalous high intensity 
near Fj = 0 has been discussed by Kentgens 
et al. (25) who showed that it is due to an 
off-resonance term in the secular Hamilto- 
nian in the rotating frame. The lowest inten- 
sity in this region is obtained by irradiating 
at the Larmor resonance. In the case of a 
sample containing 27A1 in three different co- 
ordinations and, thus, three resonance fre- 
quencies, irradiating near the center of the 
resonance spectrum near 30 ppm is the only 
possible solution. This way introduces, of 
course, offset terms. Because of the broad- 

ness of the nutation spectra shown in Fig. 
5A, only an estimate of the range over which 
the QCCs are distributed is possible. Kent- 
gens et al. (25) have calculated for spin I = 

nutation spectra for a large range of 
f~Q/f~f. At low QCC the main feature is a 
peak at 1Aqaas observed in NaY. As f~Q/Oa 
increases, this feature decreases in relative 
intensity whereas a new feature appears be- 
tween l.l)~f and 3.Oa. The intensity of this 
new feature increases and it shifts toward 
3.f~a with increasing QCC. As a result and 
as shown in Fig. 7 of Ref. (26), the center 
of gravity of the nutation spectrum shifts 
toward 3.f~f as QCC increases. With a cen- 
ter of gravity near 2.412~f as observed in Fig. 
5A the QCC should be at least 4 to 5 MHz, 
but to what extent one can define an "aver- 
age" QCC from the center of gravity is ques- 
tionable. 

Therefore, the information contained in 
the nutation spectra of Fig. 5A is limited, but 
nevertheless important: (i) all three kinds 
of aluminum nuclei, namely AI TM, AI v, and 
A1 w, have the same distribution of QCCs 
and similar "average QCCs," and (ii) the 
three kinds of coordination polyhedra have 
similar distortion. 

Recording the resonance spectra at three 
different Larmor frequencies permits one to 
measure the variation of ~c~ and, thus, an 
average QCC (Table 3). For the three reso- 
nances a QCC near 2.5 MHz fits Eqs. (1) 
and (2) resonably well. Such a low value of 
QCC is surprising, if compared with the 

T A B L E  3 

Average  Isotropic Chemical  Shift (~cs) Calculated from Eq. (2) and Using QCC = 2.5 MHz,  6cG Calculated 
[Eq. (1,2)l, and 6c6 Observed 

6cs v L = 130.3 M Hz  v L = 104.2 MHz  v L - 78.2 M H z  

(ppm) 
6c~(calc) ~cG(obs) 6c6(calc) 8c~(obs) 8c6(calc) 8c~(obs) 

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

AI vl 
AI v 
Al Iv 

11.4 +- 0.3 8.5 9 6.8 6.5 3.2 4 ± 1 
38.3 ± 1.3 35.4 34.1 33.7 35.1 - -  - -  
65.6 ± 0.2 62.7 62.5 61 61.2 57.4 (60.8) 
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large distribution of QCCs revealed by the 
nutation spectra and the corresponding"av- 
erage QCCs" derived from them. 

In conclusion to the "structural" part of 
this study, it is clear that the main difference 
between the thermally activated ex-boehm- 
ite and ex-gibbsite aluminas is the relative 
amount of A1 v. The ratio AltV/A1 w remains 
roughly constant and the degree of distor- 
tion of the AI w, AI v, and A1TM polyhedra 
spreads over a similar broad range. Another 
interesting point is that AI v coordination is 
thermally unstable. 

The historical conception for a Lewis acid 
site, as a site able to accept a lone pair of 
electrons from a Lewis base, would require 
threefold-coordinated aluminum, A1 m . 

There is no evidence that NMR would de- 
tect trigonal alumina either because the 
QCC of this species would be huge or be- 
cause its concentration would be too small. 
In fact, considering the energy of an AI-O 
b o n d ,  A I m  should convert to a higher coor- 
dination when exposed to traces of water 
vapor and/or of oxygen. The existence of 
AI nl in practical catalysis, therefore, seems 
doubtful. 

The Lewis concept of acidity goes back to 
the distinction between covalent and ionic 
bonding: so many examples of partially co- 
valent-ionic bonds supply a more general 
definition of a Lewis site as an electron 
acceptor site. In the presence of Lewis base 
there would be an increase in electron den- 
sity within the AI coordination polyhedron. 
Of course, any distorted polyhedron with 
oxygen vacancy would favor such a trans- 
ferred electron density. The metastability of 
A1 v coordination shells near the surface may 
play an important role since this state of 
coordination easily transforms into either 
AI TM or AI vl, which means that of two A1 v 
shells one has to lose an oxygen. The tran- 
sient state in this transformation might cre- 
ate the favorable configuration for an elec- 
tron-deficient site. The problem is that the 
number of active Lewis sites on a surface 
may be smaller by a factor of 100 than the 
number of surface sites, bringing about 10 ~8 

active sites per gram for an alumina with 
a surface area of 100 mZ/g. Therefore, an 
alumina in which AI v is not detected by 
MAS NMR could still have enough of the 
active sites linked to or generated by this 
configuration, which could be detected by a 
sensitive surface technique. Of course, the 
probability of having these sites is likely to 
be higher when a large number of AI v is 
observed. 

EPR RESULTS 

As outlined in the Introduction aniline 
failed to give EPR signals when chemi- 
sorbed on the aluminas studied here. Di- 
methylaniline (DMA) (ionization potential: 
7.1 eV) has produced a consistent EPR sig- 
nal which can be assigned, by analogy with 
the information obtained for aniline (19), to 
a radical cation. 

This signal is shown in Figs. 6a and b. It 

20 G 

g=2.004 

6.3 x l ~ , 2mW 

b 

FIG. 6. EPR spectra obtained at RT for N,N'-dimeth- 
ylaniline chemisorbed (a) on ground boehmite heated 
at 550°C for 6 days (see the 27A1 spectrum a in Fig. 4) 
and (b) on boehmite heated at 600°C for 1 h (see the 
ZTAl spectrum d in Fig. 3). The integrated intensity of  
spectra a and b are 3.8 × 1017 and 1.6 x 1017 spins g-J, 
respectively. The contact  time was 48 h in both cases. 
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20 G 

5.0 x l~ ,40mW 

c 
• 10~,2mW 

FIG. 7. EPR spectra obtained at RT after adsorption 
of  N,N'-dimethylaniline and exposure to O2 of  (a) sam- 
ple A in Fig. 5; (b) after outgassing O2 for 1 h at RT; (c) 
the same as in b at lower power. 

is featureless and the integrated intensity 
(obtained from the second integral) in (a) is 
more than twice the intensity in (b). The 
alumina ex-ground boehmite (spectrum c in 
Fig. 3) is rich in A1 v, whereas that used for 
(b) (spectrum d in Fig. 3) does not contain 
detectable A1 v. 

Upon adsorption ofO2 (PO2 = 200 Tort), 
after exposure to DMA, the spectrum 
shown in Fig. 6a is modified into spectrum 
a in Fig. 7 and, after evacuation of 02, into 
spectrum b in Fig. 7. Spectrum 7b is very 
similar to that observed on y-A1203 treated 
by N20 and assigned by Losee (21) to OZ. 
No hyperfine structure is observed, in con- 
trast with the situation described for 02 ad- 
sorbed on aniline-treated dealuminated H- 
mordenite where six lines with a splitting of 
5-6 G were recorded (19). Thus, there is no 
direct proof that 02 interacts with the AI 
nucleus (I = ~) in aluminas. However, the 
g~ value is about the same as that reported 
for 02 interacting with aluminum in zeolite 

(19). Spectrum b in Fig. 7 could be simu- 
lated with a gzz hyp encine splitting smaller 
than 5 G and a linewidth on the order of 
10 G. The intensity of the EPR spectrum 7b 
is about three times larger than the intensity 
of spectrum 6a which, itself, is about two 
times larger than 6b. 

Upon exposure to 02, spectrum 6b under- 
goes the same change as spectrum 6a, but 
the intensity is three times smaller. The dif- 
ference between spectra 6a and 6b must be 
related to the difference in the surface com- 
position of the two aluminas. If O~- is stabi- 
lized by interaction with a Lewis site linked 
to aluminum, the main difference between 
aluminas containing an appreciable amount 
of AI v (Fig. 6a) or without detectable AI v 
(Fig. 6b) is either in the number of Lewis 
sites, of equal strength, or in the distribu- 
tions of the Lewis sites with respect to their 
strengths. We insist again that no signal at- 
tributable to O2 is detectable in the absence 
of preadsorbed DMA. 

Since the difference in the ionization po- 
tentials of aniline and DMA is 0.6 eV, the 
electron affinity of the Lewis sites in de- 
aluminated zeolite is lower by -0 .6  eV than 
that of the Lewis sites in transition alumi- 
nas. This difference in Lewis acid strength 
could also be responsible for a smaller hy- 
perfine splitting in Oz- adsorbed on alumina, 
as compared to that observed for Oz- in de- 
aluminated zeolites, since the hyperfine 
splitting is proportional to the electron den- 
sity on the site. 

We summarize the EPR results as fol- 
lows. On transition aluminas, dimethylani- 
line forms a radical cation by sharing an 
electron with electron-deficient sites (R 
L-  + R+'). Upon further exposure to 02 
the electron of L -  is transferrred to LOz- 
and L is probably a site related to aluminum. 
Aluminas containing A1 v have more elec- 
tron-deficient sites than aluminas containing 
solely A1TM and A1 vr. 

DISCUSSION 

Since this work aims to study to what 
extent structural defects contribute to the 
acid character of an alumina surface, it is 
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appropriate,  in the first approximation 
where distortion is not taken into account,  
to examine the influence on the local charge 
brought by oxygen atoms of  the distribution 
o f  aluminum over  different coordination 
shells. This can be achieved for a spinel 
structure with composit ion A121.33032 where,  
out of  24 cationic sites, a fraction X D = 
0.111 are vacant and where the fractional 
XD (octahedral A1 vl) and XT (tetrahedral 
AI Iv) are 0.592 and 0.296, respectively (4,5). 

In such an idealized spinel structure, each 
oxygen is common to three octahedra and 
one tetrahedron.  Because of the cationic va- 
cancies three kinds of  oxygen can be distin- 
guished, namely, O a bound to three AI w and 
one A1TM, Ob bound to three AI vI and a va- 
cancy,  and  O c bound to two AI vI, one AI TM, 
and one vacancy.  If X o, XT, and XD are the 
probabilities for  a cationic site to be occu- 
pied by A1 vl, AI TM, and a vacancy,  respec- 
tively, the following equation must be ful- 
filled: 

XO q- XT q- XD ~- 1 

= 0.5923 + 0.2963 + 0.1111. (3) 

In such a spinel the AlVl/AP v ratio is 2, as 
expected (5), and in agreement with the ex- 
perimental ratio obtained in this study. N 
being a normalization factor, the number of 
0 a is N X  o 3XT, the number o f O  b is N X  o 3XD, 

whereas the number of Oc is N X  o 2XTX D if 
the sites are randomly distributed and 

N[Xo3XT + Xo3XD + XoZXTXDI = 32. 
(4) 

From Eq. (4) the numbers of  Oa, Ob, and Oc 
are 20.47, 7.6777, and 3.84, respectively. 
The electrostatic bond strengths (EBSs) 
with Pauling's definition of  Oa, Ob, and Oc 
are 2.25, 1.5, and 1.75, respectively. If this 
way of reasoning is correct ,  the electroneu- 
trality condition should be 

N[2.25Xo3XT + 1.5Xo3XD + 1.75XoZXTXD] 

= 64 (5) 

or from (4) and (5), 

R -  2"25X°3XT + I'5X°3XD + l'75Xo2XTXD 
Xo 3x, + Xo 3xo + Xo 2x, xD 

= 2. 

The experimental  values of R calculated 
from the NMR Xo and XT in aluminas, with- 
out Al v, are 2 +_ 5%. 

Now consider an alumina containing A1 vI, 
A1 v, and A1TM and assume that the chemical 
formula A121.33032 remains unchanged. 
There are now six kinds of  oxygen Oa • • • 
Of with the following arrangements,  a priori 
probabilities, and EBSs: 

EBS 

Oa Ob 0c 

Xo3XD Xo3XT Xo2XpXD 
1.5 2.25 1.6 

0 d 0 e Of 

XoXpX XD xp 2XvXD XO 2XvXD 
1.85 1.95 1.75 

Xp is the fraction of  pentacoordinated A1 v. 
If we use the alumina in which Xo, XT, and 
Xp are in the ratio 2 : 1 : 1, namely that ob- 
tained for the ex-ground boehmite alumina 
calcined at 500°C, XD being unchanged, it 
follows that 

X o =  0.444, X T = X p =  0.2222, a n d X  D 
= 0.1111. 

The suggested coordinations of  oxygen to 
aluminum are founded on the structure of 

andalusite (1) and on the assumption that 
each oxygen is still common to four sites. In 
andalusite where A1 v is in a square pyramid, 
one oxygen can be coordinated to two A1 v 
and one tetrahedral site (occupied by sili- 
con), but oxygen cannot  be common to two 
tetrahedral sites. Using the above values of 
X one finds N,  = 7.134, N b = 14.628, N c = 
Nf = 3.657, N d = 1.829, and N e = 0.9144, 
and R is 1.92, thus, still within acceptable 
limits. The diagram in Fig. 8 represents the 
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Oxygen electrostatic bond strength 
Arn+ Air+ AIrv ~ AIW+ AI N 

Fro. 8. Bulk distribution of the oxygen atoms population with respect to their electrostatic bond 
strengths (EBS) in two extreme models, namely, an ideal pseudospinel containing AI vx and AI Iv only 
and in the transition alumina containing 50% AI vl, 25% AI iv, and 25% A1 v. 

distribution of the oxygen atom population 
with respect to their electrostatic bond 
strength for spinels with or without A1 v. We 
observe that 35% of the oxygens in an alu- 
mina with the AlW/A1TM expected for a spinel 
without A1 v have an EBS < 2, whereas in 
an alumina with the indicated proportions 
of A1 vI, A1 v, and A1TM, 55% of the oxygens 
have an EBS < 2. Thus, in an idealized A1 
spinel network, the presence of A1 v in- 
creases the relative proportion of oxygen 
atoms with nominal charge < 2. 

On a terminal lattice plane at the surface 
of a crystallite, the dangling bonds are re- 
placed by surface OH. In hydrated T-A1203, 
the 170 resonance experiments by Walter 
and Oldfield (27) revealed two resonance 
lines: one shifted by 70 ppm and the other 
shifted by 50 ppm with respect to H20. Sur- 
face OH contributes partially to the latter, 
as revealed by proton cross-polarization. 
Nonhydroxylic oxygens contribute to the 
70-ppm line (QCC -~ 2 MHz) and partially 
to the 50-ppm line (QCC -> 4 MHz). Again, 
in postulating that the surface composition 
is qualitatively, but not quantitatively, simi- 

lar to the bulk composition, the possible ex- 
istence of at least two kinds of nonhydroxyl- 
ated surface oxygens would be in agreement 
with the presence ofOa, Ob, and Oc [as in Eq. 
(4)] in an alumina without Alv. The thermal 
activation needed to achieve catalytic activ- 
ity in removing surface hydroxyls restruc- 
tured the surface. On the basis of infrared 
studies, Kn6zinger and Ratnasamy (28) sug- 
gested assignments of surface hydroxyl 
stretching frequencies with respect to the 
EBS of surface oxygens and they showed 
that dehydroxylation is not a random pro- 
cess: depending upon their EBS, some sites 
are privileged for nucleating water mole- 
cules. 

In the restructuring process, the lability 
of the structural elements must play an im- 
portant role, ruling the final, active configu- 
ration. Since AIv is mestastable, even in the 
bulk, it should a priori be important in de- 
termining the distribution of active sites on 
the surface. This circumstantial evidence 
supports the idea that a surface, originally 
rich in AI v, contains, after restructuring, 
more electron acceptor sites (here consid- 
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ered as active Lewis sites), because it is 
more likely to have aluminum with strongly 
perturbed oxygen coordination than a sur- 
fact originally poor in AIv. 

It has been shown in the present study 
that thermal treatment beyond 600°C rapidly 
decreases the number of AIv sites. Labile 
sites can indeed be suspected to generate 
surface configurations which would be less 
probable otherwise, As a matter of fact, we 
have reported that the number of sites able 
to abstract an electron from dimethylaniline 
was about double in aluminas containing a 
relatively large number of A1 v, as compared 
with those without detectable Alv. In the 
former case the number of spins was about 
4 x 1017 g, which means that on a surface 
area of 100 m 2 g-1 there are 4.10 I1 sites/cm 2 
able to ionize DMA, that is, sites with an 
electron affinity larger than than I - 7.1 eV[. 
On aluminas without NMR-detectable AI v, 
this number is smaller by a factor of -2 .  

From a straightforward calculation of ox- 
ygen vacancies resulting from the dehydrox- 
ylation of the 111 face of a transition alu- 
mina, Kn6zinger and Ratnasamy (28) found 
a number of surface sites in the range of 
1014 sites/cm 2, but they also report that the 
number of strongly bound CO on T-AI20 3 is 
about 6 x 1012/cm 2. These figures are about 
10 times larger than those obtained for the 
demanding formation of the dimethylaniline 
radical cation and about 10 times lower than 
the number of calculated oxygen vacancies. 
This shows that the description of Hall and 
co-workers (29,30) of active sites (on alumi- 
nas) as "special exposed aluminum cat- 
ions" is fundamentally correct even though 
the "real"  exposure may actually result 
from a "distorted coordination." Here, we 
do not claim that a special kind of AI is 
directly responsible for the existence of 
Lewis sites. We state that indirect evidence 
suggests that, due to its metastability and its 
influence on the formal charge of neigh- 
boring oxygens, A1 v is more likely to gener- 
ate these sites. 

As far as the Lewis activity is concerned, 
the fact that small-sized dehydroxylated 
boehmite is much richer in A1 v than its larger 

B I I 

120 80 40 
ppm 

FIG. 9. Simulated 27A1 MAS NMR spectra obtained 
by "mixing" the experimental spectrum obtained for 
NaY zeolite with the experimental spectrum obtained 
for a ground boehmite heated at 600°C for 1 h (spectrum 
e in Fig. 3). From top to bottom mixing is 1/2. 1/1, and 
I/0.5, the second figure being the multiplication factor 
applied to the spectrum of the alumina phase. These 
simulated spectra could be compared, for instance, to 
those shown in Fig. 2 of Ref. (9) obtained for steamed 
HY zeolites. 

particle sized counterpart is interesting for 
understanding not only the behavior of alu- 
minas, but that of dealuminated zeolites as 
well. Indeed, it has been suggested by Shan- 
non et al. (31) that the alumina precursor in 
dealuminated zeolite has a boehmite struc- 
ture. Because this precursor is likely to be 
dispersed within the zeolite cages in very 
small slabs, it is not surprising that signals 
corresponding to AIv are found in dealumi- 
nated or steamed H zeolites. Moreover, 
since in some way the presence of A1 v is 
linked to a relatively large number of strong 
Lewis sites, the presence of the A1 v signal 
(at -30  ppm) in such samples is meaningful. 
In Fig. 9 are shown simulated 27A1 MAS 
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spectra obtained by "mixing" the 27A1 spec- 
trum of NaY with the 27Al spectrum shown 
in Fig. 3d. These mixed spectra are, indeed, 
very similar to those reported in the refer- 
ences mentioned in the Introduction. As re- 
called earlier aniline yields radical cation on 
dealuminated H-zeolites and not on alumi- 
nas. The lower electron affinity of the Lewis 
sites in aluminas with respect to those in 
dealuminated H-zeolites might indicate a 
synergistic effect between the nonframe- 
work aluminum site and the nearby proton 
of a strong BrCnsted acid site in zeolite. 
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